 18 F-FDG-PET is a neurodegeneration biomarker, but is costly and requires a radioactive tracer.  Arterial Spin Labeled perfusion MRI (ASL-MRI) provides similar information noninvasively.  We compared ASL-MRI and FDG-PET in mild cognitive impairment (MCI) and older controls.  At a group level, patterns and strength of ASL hypoperfusion and FDG-PET hypometabolism in MCI were comparable.  ASL can provide a reasonable alternative for FDG-PET in clinical research.
Introduction
The recent framework for a biomarker definition of Alzheimer's Disease (AD) reflects an increased emphasis on linking the disease to its biological substrate rather than clinical syndrome (Jack et al., 2018; Jack et al., 2016 ). This classification system defines individuals based on the presence of cerebral amyloid ("A"), neurofibrillary tau-based pathology ("T"), and neurodegeneration ("N"). While "N" is less specific to the molecular pathology that defines AD, the presence of both A and T (Wirth et al., 2013) , it is critical for staging disease severity, prognostication of clinical endpoints, and disease monitoring. 18 F-Fluorodeoxyglucose Positron Emission Tomography ( 18 F-FDG-PET) is the most mature functional biomarker of neurodegeneration (Herholz et al., 2002; Jack et al., 2013; Landau et al., 2011; Mosconi et al., 2009; Mosconi et al., 2008) . It provides a measure of glucose metabolism and is particularly appealing as it is sensitive to neuronal death and alterations of synaptic activity that are considered to reflect AD pathology (Selkoe, 2002) . Indeed, a number of studies have demonstrated the sensitivity and predictive value of 18 F-FDG-PET measures in preclinical and prodromal stages of AD, termed Mild Cognitive Impairment (MCI) (Chetelat et al., 2003; Herholz et al., 2011; Landau et al., 2011; Landau et al., 2010; Mosconi et al., 2008) .
Measures of cerebral blood flow (CBF) are also thought to reflect synaptic activity based on the tight coupling between synaptic activity and glucose metabolism and between glucose metabolism and CBF (Chen et al., 2011; Raichle, 1998) . Arterial Spin Labeled (ASL) perfusion MRI (Alsop et al., 2015; Detre et al., 1992) provides noninvasive quantification of CBF using magnetically labeled blood as an endogenous flow tracer. ASL-MRI has been extensively validated with other established modalities for measuring CBF (Ewing et al., 2005; Heijtel et al., 2014; Koziak et al., 2008; Warmuth et al., 2007; Ye et al., 2000) and has several advantages over 18 F-FDG-PET in that it does not require exposure to ionizing radiation, is less expensive, and can be acquired as part of routine MRI, which is almost universally obtained in patients with suspected neurodegenerative conditions. We previously demonstrated significant overlap between areas of hypoperfusion measured with ASL-MRI and areas of hypometabolism measured by 18 F-FDG-PET acquired on the same day in mild-to-moderate AD patients in whom these functional changes are more severe and easier to detect than at earlier stages (Chen et al., 2011; Musiek et al., 2012) . The current study aimed to extend the findings to patients with MCI, a clinical diagnosis enriched in patients with prodromal AD. Compared to the previous studies comparing ASL and 18F-FDG-PET in MCI patients (Dolui et al., 2017; Riederer et al., 2018; Tosun et al., 2016) , this study includes a larger sample size and/or superior ASL methodology. The current work also leverages recent advances in the signal processing of 2D ASL-MRI data (Dolui et al., 2016a; Dolui et al., 2016b ).
Methods

Study Participants
MRI and 18 F-FDG-PET/CT data acquired from 56 MCI patients and 36 older controls, participating in the Penn Memory Center (PMC) cohort, were considered for this study. Data of the MCI patients were collected in parallel with the control subjects. Clinical diagnosis of MCI followed National Institute for Aging -Alzheimer's Association (NIA-AA) core clinical criteria (Albert et al., 2011; Petersen, 2004) and was arrived at by consensus meeting attended by neurologists, psychiatrists, radiologists and neuropsychologists based on medical and neurological examinations, psychometric assessments and imaging (Dolui et al., 2017; Xie et al., 2016) . Study inclusion criteria were age 50-85 years, more than 7 years of education, and spoken English. Exclusion criteria included history of clinical stroke, traumatic brain injury, or any other disease or medical/psychiatric condition felt to impact neuropsychological performance. The human subjects' research in this study was performed in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) and the standards established by the Institutional Review Board of the University of Pennsylvania and the National Institutes of Health. All subjects provided written informed consent for this study.
MRI acquisition and processing
MRI data used for this study was a part of multimodal MRI acquisition acquired on a 3-Tesla Siemens Trio MRI scanner. ASL data was acquired using pseudo-continuous labeling with a labeling time=1.52s, post labeling delay (PLD)=1.5s and labeling plane offset= 9cm. 45 labelcontrol pairs were acquired with a 2D echo planar imaging (EPI) readout with TR/TE=4s/18ms, matrix size=64x64, in plane resolution=3.4x3.4mm 2 , bandwidth=3004Hz/px, number of slices=18, slice thickness=6mm with a 20% distance factor. T1-weighted image for each subject was acquired using a 3D magnetization-prepared rapid gradient echo (MPRAGE) protocol with TR/TE/TI=1.9s/2.89ms/900ms, flip angle=9 0 , bandwidth=170Hz/px, voxel size=1x1x1mm 3 , 176 slices, and was used for normalizing to the MNI152 template space.
Both MRI and PET data were processed using SPM12 (Penny et al., 2007) , FSL (Jenkinson et al., 2012) , Advanced Normalization Tools (ANTS) (Avants et al., 2011) and custom MATLAB scripts. ASL processing included motion correcting the raw EPI time series (Wang, 2012) . To compute absolute CBF (CBF in ml/100g/min), a CBF time series was first obtained by pairwise control-label subtraction, normalizing by corresponding control image, and using a single compartment model with recommended parameters (Alsop et al., 2015) as follows:
Here ΔM is the control label difference, λ=0.9ml/g is the blood-brain partition coefficient, ω=1.5s is the PLD, τ=1.52s is the labeling time, α=0.85 is the tagging efficiency, T 1,blood =1.65s is the T1 of blood, M 0 is the equilibrium magnetization of the brain, and is equal to the corresponding control image. A mean CBF map was obtained using a Structural Correlation with Robust Bayesian (SCRUB) estimation approach to remove artifacts from ASL-CBF images (Dolui et al., 2016a; Dolui et al., 2016b) . The method consisted of an explicit outlier removal stage based on a structural correlation criterion to remove egregious volumes (Dolui et al., 2016a) followed by voxelwise processing to remove local artifacts (Dolui et al., 2016b) . The mean ASL data was coregistered to the T1 image using FSL boundary-based-registration. The T1 images were normalized to the MNI space using ANTs and the CBF maps were normalized to the MNI space by combining the ASL-T1 coregistration and ANTs normalization. Thereafter the CBF maps were partial volume corrected using the method by Johnson and colleagues (Johnson et al., 2005 ) assuming a ratio of 2.5 between gray matter and white matter perfusion. Relative CBF was computed by normalizing the CBF in each voxel by mean CBF in putamen, a gray matter region thought to be unaffected in early AD and, indeed, found to not differ between groups in the current analysis (p>0.05, see results).
18 F-FDG-PET acquisition and processing
18 F-FDG-PET/CT data from 31 controls and 49 MCI subjects were acquired on a Philips Gemini TF PET/CT scanner on the same day as that of MRI while that from 5 controls and 7 MCI subjects were acquired at an average of 18 (range: -13 to 106) and 15.3 (range: -6 to 97) days from the MRI acquisition. Subjects fasted for at least 4 hours prior to their PET scan, and bloodglucose levels were below 180mg/dl before an intravenous injection of 5.0±0.5 mCi of 18 F-FDG while they rested with their eyes open. Approximately 30 minutes after the injection, a 30-minute 3D emission scan was obtained (six 5-minute frames, 256mm FOV, 128x128 matrix, 2x2x2mm 3 voxel size). The longer acquisition time was required to compensate for the reduced count of the low dose (5mCi) of the tracer used in the study than used in typical clinical scans. Line-ofresponse row-action maximum likelihood algorithm reconstruction using sharp setting was performed followed by CT attenuation correction.
The processing of the PET data involved coregistation to the high resolution T1 images using SPM12 with a normalized mutual correlation criterion. Thereafter the maps were normalized to the MNI space using ANTS as described for ASL-MRI. Standardized Uptake Value Ratio (SUVR) maps were generated by normalizing the raw counts with mean uptake in pons and cerebellar vermis (Landau et al., 2011) and were partial volume corrected similar to ASL.
Statistical analysis
For each analysis, age and sex covariates were removed from the voxel/region of interest (ROI) values by fitting a linear regression model to the data of the control subjects and thereafter applying the fitted model to both control and MCI groups. Note that this method was used to remove the effect of age and sex in the context of normal aging without confounding it with the relationship with disease. P values less than 0.05 were considered significant.
Voxel-wise group differences
At the voxel level, we assessed control-patient group differences with PET SUVR and ASL CBF using the nonparametric permutation-based randomise tool (Winkler et al., 2014) in FSL with the default value of 5000 permutations. The results were thresholded at p<0.05 threshold-free cluster enhancement (TFCE) family-wise error rate controlled (FWE). We performed visual comparison and also quantified the similarity in group-differences obtained with PET and ASL using Pearson's correlation between their T scores. Note that the raw T scores provide magnitudes of strength of the group differences without considering the significance levels. We also assessed control-MCI group difference with 18 F-FDG-PET by computing SUVR using putamen as the reference region similar to ASL.
ROI-based group differences
ROI analysis included posterior cingulate cortex (PCC) and hippocampus, which have previously been shown to demonstrate AD specific changes in ASL-MRI (Chen et al., 2011; Dolui et al., 2017; Xekardaki et al., 2015; Xie et al., 2019) . The ROIs were extracted using the automated anatomical labeling (AAL) template (Tzourio-Mazoyer et al., 2002) . We also used a composite meta-ROI constructed using the coordinates of the 5 most frequently cited regions (right and left angular gyri, bilateral posterior cingulate, and left middle/inferior temporal gyrus), previously shown sensitive to 18 F-FDG-PET hypometabolism in the AD continuum (Landau et al., 2011) .
Whole gray matter was used to assess global abnormalities and primary motor cortex was included as a control region. Mean CBF and SUVR between controls and MCI were compared using two sample T-tests.
ROC analyses for disease classification
The performance of each modality as a classifier to predict the disease status (control or MCI) was compared using area under the receiver operating characteristic curve (ROC AUC) obtained with logistic regression using Scikit-learn toolbox (Pedregosa et al., 2011) . The ROC analysis was done with a stratified K-fold cross-validation. First, the original data was split into k stratified folds. Then the ROC analysis was done k rounds with the leave-one-out strategy and the mean±standard deviations obtained from the k rounds for AUC, sensitivity and specificity have been reported to present more accurate estimate of the model prediction performance. 18 F-FDG SUVR, absolute and relative ASL-CBF in PCC ROI were used as the predictors given its a priori sensitivity to early AD (Chen et al., 2011; Dolui et al., 2017; Landau et al., 2011; Mosconi et al., 2009; Xekardaki et al., 2015) . We also considered the mean SUVR in the meta-ROI defined above for FDG-PET.
Results
Data from 6 MCI and 1 control were excluded due to poor ASL data quality leaving 50 MCI and 35 controls for analysis. Demographics for this subsample are provided in Table 1 . inferior prefrontal cortex and also regions in the subcortical gray matter such as caudate and thalamus ( Fig. 2A) , consistent with the typically observed pattern of prodromal AD (Bailly et al., 2015; Chetelat et al., 2003; Landau et al., 2011; Mosconi et al., 2010) . A similar pattern was also observed for absolute CBF measured using ASL-MRI ( Fig 2B) : the MCI group displayed significantly reduced CBF in medial and bilateral temporoparietal regions, middle and posterior cingulate cortex, insula, the subcortical gray matter (caudate and thalamus) and the inferior frontal regions. Hypoperfusion assessed using relative CBF was more localized than the absolute CBF pattern ( Fig 2C) and was most prominent in posterior cingulate cortex and medial parietal regions, although differences were also observed in the caudate and thalamus, medial and bilateral temporal lobe and inferior frontal lobe. Fig. 1 : Triaxial view of (left to right) average maps of the controls, MCI patients, and their differences for Absolute CBF (row 1), Relative CBF (row 2), and 18 F-FDG-PET-SUVR (row 3).
Fig. 2. Regions showing significant voxel level group differences between MCI and controls for
A) 18 F-FDG-PET SUVR relative to uptake in pons and cerebellar vermis; B) absolute ASL-CBF; C) relative ASL-CBF relative to Putamen. Non-parametric two sample T tests were conducted with "randomise" tool of FSL toolbox, and the results were thresholded with p<0.05 thresholdfree cluster enhancement (TFCE) family-wise error rate controlled (FWE). Hot color indicates lower in MCI than Control and cold color indicates higher in MCI than control.
The ASL hypoperfusion patterns (both with absolute and relative CBF) without partial volume correction (PVC) was very similar to that with PVC, but the FDG-PET hypometabolism pattern without PVC was larger in extent and of higher significance particularly in the bilateral medial temporal lobe (hippocampus and amygdala) (see supplementary material). Notably cortical thickness was also significantly lower in the bilateral medial temporal lobe (supplementary material) and hence PVC reduced 18 F-FDG-PET group difference in this region.
To better visualize the overlap between MCI and control differences in 18 F-FDG SUVR and ASL-CBF, the statistical maps were overlaid in Fig. 3 We also obtained control-MCI group differences with 18 F-FDG-PET data using putamen as a reference region to assess the same normalization region used for ASL, but the SUVR group difference was found to be markedly reduced and of lesser extent (data not shown) than that obtained using pons and cerebellar vermis. Note, pons and cerebellar vermis are not reliably acquired in 2D PCASL because of its inferior location, which is often susceptible to artifacts and hence was not used to compute relative CBF.
ROI-based group differences
The results of ROI analyses are shown in Figure 4 (p values are FDR corrected). As expected, PCC (p=0.002) and the meta-ROI (p=0.007) displayed significant hypometabolism in MCI patients relative to controls. A trend of hypometabolism was also observed in the whole gray matter (p=0.054). No significant differences were seen in a control region of primary motor cortices (p=0.94). Hypometabolism was also not observed in hippocampus (p=0.30) though the analysis without PVC showed strong hypometabolism in this region (see supplementary material). Absolute CBF also demonstrated significant reductions in AD-specific regions (PCC:
p<0.001, hippocampus: p=0.04, meta-ROI: p=0.03), in whole gray matter (p=0.02), and also in the primary motor cortex (p=0.04) relative to controls. Relative CBF showed significant hypoperfusion in PCC (p<0.001) and whole gray matter (p=0.005), a weak trend in the meta-ROI (p=0.10), and no significant difference in hippocampus (p=0.16) and M1 (p=0.12). Note that absolute CBF in Putamen, which was used to obtain relative CBF, also did not differ between groups (mean CBF in controls: 54.82±12.55, and in MCI = 51.88±9.87 ml/100g/min, p=0.23). 
ROC analysis for disease classification
The mean area under the receiver operating characteristic curve (ROC AUC) using 6-fold cross validation was calculated for each image type for performance comparison. Using the PCC ROI, all methods demonstrated moderate discriminatory power in predicting MCI status. 18 
Discussion
We compared ASL-MRI and 18 F-FDG-PET in 50 MCI patients and 35 matched controls to determine if ASL-MRI provides similar information about neurodegeneration to 18 F-FDG-PET.
We demonstrated that (1) patterns of ASL-hypoperfusion overlapped with that of 18 F-FDG-PEThypometabolism in MCI versus cognitively normal adults, particularly in midline parietal regions and (2) discrimination between these groups is similar with both modalities using PCC-ROI commonly associated with prodromal AD abnormalities.
A general strength of this study is that 18 F-FDG-PET and ASL-MRI were obtained in close temporal proximity, usually on the same day. However, data from 12 subjects (7 MCI and 5
Controls) were not acquired on the same day, though acquired less than 4 months apart. A subgroup analysis with only the data obtained on the same day provided very similar effect sizes of the control-MCI group difference for both ASL and PET (data not shown).
Comparison of ASL and 18 F-FDG-PET was performed previously in late (Chen et al., 2011; Fallmar et al., 2017; Musiek et al., 2012; Verfaillie et al., 2015) and early (Verclytte et al., 2016) onset Alzheimer's disease, and demonstrated similar overlap of hypometabolism and hypoperfusion as described here. The current study population was MCI, a group likely enriched in prodromal AD, in whom differences with controls are expected to be subtler than in individuals with dementia. There have been a few prior studies that have examined MCI patients with 18 F-FDG-PET and ASL-MRI (Dolui et al., 2017; Riederer et al., 2018; Tosun et al., 2016) .
Specifically, in our prior study (Dolui et al., 2017) , we focused on comparing different ASL modalities using FDG-PET as gold standard with a much smaller sample size. Riederer and colleagues (Riederer et al., 2018) used ASL with poorer pulsed labeling, which is characterized by weaker labeling than PCASL used in the current study and this might lead to their lack of difference in the ASL-MRI perfusion pattern between MCI and controls, unlike in this study.
The study by Tosun and colleagues (Tosun et al., 2016) was also conducted using pulsed ASL data from the Alzheimer's Disease Neuroimaging Initiative (ADNI); further, the ASL and PET data were not acquired in close temporal proximity.
Examination of the spatial pattern of hypometabolism and hypoperfusion was broadly consistent across modalities and with the prior literature when comparing MCI/AD with cognitively normal adults (Dolui et al., 2017; Johnson et al., 2005; Landau et al., 2011; Mosconi et al., 2008; Riederer et al., 2018; Sierra-Marcos, 2017) . The similarity in regional abnormalities in the MCI population was also evident from high correlation between the T-scores across all voxels.
Interestingly, several regions in lateral cortical regions in parietal and temporal lobe had similar, but non-overlapping regions of significant group differences. The basis for this discrepancy is uncertain, however blurring, geometric distortion, potential coregistration/normalization inaccuracies and difference in normalization regions may contribute. In addition, other non-AD pathological processes may be present in the heterogeneous construct of MCI, such as cerebrovascular disease, which might also differentially affect perfusion and metabolism and, thus, cause the difference in the abnormality pattern measured by the two imaging modalities.
The PCC, which showed the strongest group difference in our study, has been consistently reported to be an early region of hypometabolism with 18 F-FDG-PET in the AD continuum (Drzezga et al., 2003; Herholz et al., 2002; Landau et al., 2012; Minoshima et al., 1997; Mosconi et al., 2009 ) and is perhaps the strongest and most consistent ROI in ASL-MRI studies of AD (Chen et al., 2011; Dai et al., 2009; Dolui et al., 2017; Johnson et al., 2005; Wolk and Detre, 2012; Xekardaki et al., 2015) . Absolute CBF showed higher group difference and discriminatory power than relative CBF, but its global reduction in the diseased cohort and variability even in healthy population makes it relatively non-specific to AD. Relative CBF on the other hand reflected a more AD-specific pattern.
While one might expect partial volume correction (PVC) to have similar effects on both modalities, we found PVC to have less effect on ASL than on PET in that the control-MCI group difference in SUVR was diminished after correction. Notably, from a clinical standpoint, the larger extent of SUVR reduction without PVC in diseased patients might make it easier to visually interpret the scans in neurodegenerative populations. However the AUC values obtained with non-PVC SUVR in a priori selected ROIs were similar to that of ASL.
The study has some limitations. First, the postlabeling delay (PLD=1.5s) for this study was shorter than the recently recommended values of 1.8-2s (Alsop et al., 2015) . However, we did not observe transit time artifacts in the mean CBF maps. Further, since the 2D acquisitions occurred slice by slice from the inferior to superior direction, the last slice was acquired 800ms
after the first slice leading to an average PLD of approximately 1.9s across the brain, which is more comparable to the recommendations. Use of a 2D acquisition acquired without background suppression may also be considered a limitation relative to current "state-of-the-art" ASL, as increased sensitivity to AD using 3D background suppressed ASL was previously demonstrated (Dolui et al., 2017) . Nonetheless, 2D acquisition is more widely available on MRI scanners, and this limitation was mitigated, in part, by the use of advanced signal processing strategies, although we had to discard data from 7 subjects due to poor ASL quality. It is also worth noting that because we did not have molecular measures of amyloid in a significant proportion of the cohort, we cannot comment on the specificity of the findings here to prodromal AD versus other causes of MCI. That said, this issue is equally present for 18 F-FDG-PET and the overlap between the two suggests that these modalities are likely to perform similarly with regard to specificity.
Finally the study used a different reference region for 18 F-FDG-PET and ASL since we chose to use the optimal reference region for each method in this study.
In conclusion, ASL-MRI measurements of CBF produce considerable overlap with measures of 18 F-FDG-SUVR in known regions of early AD neurodegeneration. Given the possibility of adding ASL to routine structural MRI protocols without additional cost or exposure to ionization radiation, it may serve as a useful alternative to 18 
